The asphalt binder is modified using the crumb rubber from scrap tires to improve its performance in the pavement on street and highways in an urban area setting. In this study, the rutting resistance index (G*/sin δ) and chemical composition of rubber-modified binders (RMB) were evaluated using a dynamic shear rheometer and a gel-permeation chromatography system respectively. A source of PG 64-22 asphalt was used for preparing a total of 12 RMB binders. Routine Superpave binder testing was carried out; RMB as the original binder and then RTFO-aged binder as RTFO in DSR test at high temperatures. From chromatogram data, the correlation of large molecular size (LMS) with G*/sin δ was evaluated by service temperatures, 70 and 76 o C. A significant correlation was found between LMS and G*/sin δ. The size and type of CRM were significant factors affecting the rheology of the binders. The values of G*/sin δ could be estimated using LMS and CRM size by temperature with R 2 of over 0.92 by the developed prediction model.
Introduction
Rutting or permanent deformation is a serious distress mechanism in the street pavements in urban areas around the world. The premature distress, compared with rural areas, in various forms occurring in urban pavements due to heavy volume of traffic and congestion requires more and costly maintenance work. The premature distress, sometimes, creates congestion of traffic due to the Urban Transport XII: Urban Transport and the Environment in the 21st Century 463 maintenance operation. The best way of solving this problem is to prevent the premature damage and extend service life of urban area pavements by improving quality of materials to be used.
Various polymeric materials are added into the asphalt binder for improving the asphalt binder properties. The rubber from scrap tires or crumb rubber modifier (CRM) is one of the methods used for modifying the binder. The most convincing result of the modification is to improve high-temperature performance grade (PG) of the binder, although the type, content and particle size of rubber are factors affecting the level of the improvement. Stiffness increase is the major reason why the rubber-modified binder (RMB) has improved the performance (resistance against rutting) at high service temperatures of the flexible pavement.
The asphalt binder with large quantities of high-molecular weight molecules tends to exhibit poor low-temperature behavior (or cracking), but a relatively good high-temperature behavior [1] . Increased high-molecular weight molecule or large molecular size (LMS) results in an increase in viscosity and stiffness of a binder. However, too much increase of the LMS due to severe oxidation results in the material to be susceptible to cracking (i.e., brittle). The gel-permeation chromatograph (GPC) test could measure the molecular size distribution, a chemical property, of a binder. It is a relatively easy process for characterizing asphalt binder chemically by detecting change of the molecular size distribution of the binder. Binder viscosity change due to aging is well reported to be predictable by GPC data [2] [3] [4] [5] [6] . Recent technology development makes the GPC equipment and software affordable for many laboratories.
The rheology change, caused by addition of the rubber, is evaluated by many researchers based on binder stiffness, G*/sin δ, using the dynamic shear rheometer (DSR). The results indicated that the G*/sin δ value increased by adding CRM in various contents with various reaction times; therefore, increasing the PG grade. However, there has not much research done to determine the effects, if any changes, of various contents, size, and type of CRM on G*/sin δ, the stiffness of the binder. If the change can be predicted, it will be useful for determining the quantity, size and type of CRM to be added to a specific binder beforehand. It is hypnotized that it is possible to predict the stiffness based on data of molecular size distribution or chromatogram of the binder.
Therefore, the objective of this study is to evaluate the stiffness of RMB and their correlation with GPC data, and to find possibility of predicting rutting resistance of the binder based on factors affecting the PG grade of a binder. In this study, various RMBs were prepared, in the laboratory, using three different sizes of CRM obtained by two different processing methods for achieving these objectives.
were prepared in three different sizes (-14 mesh, -30 mesh and -40 mesh) for this study. The rubber-modified binder (RMB) was made, in the laboratory, by adding a specified amount of rubber slowly into the binder at 180 o C for the specified reaction time while mixing with a stirrer at 600rpm. A total of 18 RMB binders were prepared from 2 rubber types (AMB and CR), 3 sizes (passing #14, #30 and #40 sieves), 1 content (10% rubber by wt of binder) and 3 reaction times (15, 30 and 45 minutes). Each RMB was tested as the original binder using the dynamic shear rheometer (DSR). The binder was then aged in a short term using a rolling thin film oven (RTFO) and tested as an RTFO binder in the DSR at the same temperature.
Each RMB was tested as the original binder in DSR at the specified high temperature. The RMB was then RTFO-aged and tested as RTFO in DSR at the same temperature. The values of G*/sin δ, which represents a measure of the high temperature stiffness or rutting resistance of the binder [1] , were measured for the original and RTFO binders. Superpave high-temperature performance grades of these binders were determined from DSR data.
Chromatograms of these binders were measured using a high-performance gel-permeation chromatography (GPC) system as shown in Figure 1 . The GPC system, a Waters Breeze equipment with computerized data acquisition software, consisted of a manual injector, a dual head pump, a refract index meter (RI detector), a series of two columns (HR 3 and HR 4E) and a column oven was used for this research project. GPC system used in this study.
Tetrahydrofuran (THF) was used as a solvent for dissolving binder and buffer (mobile phase) of the GPC test. A small amount of binder (e.g., 0.05gm) sample Urban Transport XII: Urban Transport and the Environment in the 21st Century 465 was dissolved in THF (e.g., 20gm) at the concentration of 0.25% (1/400). The dissolution was filtered by a 0.45µm syringe filter before injection. A 50µl of the filtered sample was injected into the injection module and constituents of the binder were separated by molecular size after the sample passed through the series of columns. The injected sample was transferred by the THF flow into the columns which were kept constantly at 35 o C in the column oven, in which the flow rate of the mobile phase was 1 ml/min. The asphalt binder molecules were detected by the time they passed the detector and a chromatogram was obtained for each binder sample. Three samples were tested for each binder and aging conditioning and the average value was reported. Figure 2 shows typical chromatograms of virgin PG64-22 asphalt before and after aging. Some of the rubber particles which were not reacted with asphalt binder were filtered out by the syringe filter. Therefore, the chromatogram of rubberized binder does not show any distinct difference compared with that of virgin PG64-22 in its profile. In this study, a chromatogram profile was partitioned into 13 slices and three parts; large molecular size (LMS; slices 1 to 5), medium molecular size (MMS; 6 to 9) and small molecular size (SMS; 10 to 13), as shown in Figure 2 . Defining LMS portion as the front 5 slice was verified in the previous study [7] [8] [9] . Among quantitative data of the chromatogram, the LMS value was only used for evaluation in this study. Statistical analyses were performed for evaluating correlation of binder's rheological properties with GPC results. 
Results and discussion
GPC and DSR properties of PG 64-22 base binder used in this study are shown in Table 1 as a reference for the analysis of RMB. Table 3 . Since the reaction time was not statistically a significant variable, all binders in three reaction times were considered as one material. Tables 3 and 4 show measured value of LMS and G*/sin δ by particle size and aging level using DSR for determining PG high temperature grade. All of 10% RMBs were graded as PG 70 in high temperature performance grade, and all of 15% RMBs were graded as PG76. None of RMBs confirmed to PG 82 specification in this study. The rubber content does have a significant effect on improving performance of the binder. In 10% RMB case, a couple of RTFO binders passed Superpave specification limit (2.2kPa), but the original binder did not meet the limit (1.0kPa). None of 10% RMBs were graded as a PG 76 grade.
LMS values show that there was a significant increase by the aging level. LMS values between CRM contents and type were also found to be statistically significant (Table 2) . With an increase in LMS, rutting parameter (G*/sin δ) was observed to increase significantly. It is well known that there is a significant correlation between LMS values and binder's physical properties, and rubberized binders seem to produce similar correlations. Table 5 shows the high temperature performance grade of each binder by CRM type, content and particle size determined from high-temperature DSR test. Figures 3 and 4 show relationships of G*/sin δ value versus LMS value with the coefficient of determination (R 2 ) for 10% and 15% RMBs, respectively. In general, the results indicated that rutting resistance property measured at two service temperatures (70 and 76 o C) has a very good linear correlation (R 2 = 0.86) with LMS quantity (Figure 3) . The rutting resistance property measured at two service temperatures (76 and 82 o C) has also a good, but somewhat lower linear correlation (R 2 = 0.78) with LMS quantity (Figure 4 ). Increasing LMS results in increased rut resistance within each service temperature. Relationship of G*/sin δ with LMS for CRM (total) modified binder (content: 10% by wt. of binder).
However, the results indicated that the rutting resistance property of the binder modified with other materials has little correlation with LMS quantity. Increasing LMS does not result in increased rut resistance of binders. For comparison, Table 6 is introduced in this paper to show the correlation of other PMA binders made of polyethylene materials. These binders conformed to PG 88, but the increase in stiffness did not show a high correlation with an increase Urban Transport XII: Urban Transport and the Environment in the 21st Century 469
in LMS values ( Figure 5 ). The reason for this is that the rubber material is reacted well with asphalt oil materials, but PE material is dispersed in asphalt binder without reaction. Relationship of G*/sin δ with LMS for CRM (total) modified binder (content: 15% by wt of binder). Since G* /sin δ had good correlation with LMS and function of CRM content and size, it is possible to estimate this value based on LMS and other variables. Prediction models were developed for G*/sin δ based on regression of these variables by rubber type. The value of G*/sin δ was dependent variable, and LMS, CRM size and content were independent variables. The STEPWISE procedure was performed to select the best model using Statistical Analysis System (SAS). The prediction models for G*/sin δ by CRM type and service temperatures are shown in Table 7 .
All
The average of the above four coefficients of determination (R 2 ) for these models is 0.93 and the range is from approximately 0.90 to 0.96 (in Table 7 ). Between two types of CRM, R 2 of the ambient was higher than cryogenic. However, the R 2 values are still over 0.9 and, therefore, it is concluded that there is a good possibility of predicting stiffness index if LMS and rubber size values are known. Figure 6 shows relation of predicted G*/sin δ for ambient (AMB) CRM binder versus cryogenic (CRY) CRM binder at 70 o C, as an example. These values were produced based on the equations for Ambient 70 o C and Cryogenic 70 o C in Table 7 , respectively, using LMS value (X 1 ) in the range of 14 -18 and mesh size (X 2 ) of 40. As seen in the figure, data points are very well correlated with a R 2 value of 0.98. Therefore, it is possible to predict the G* /sin δ value of rubber-modified binder based on LMS value and rubber size at the specified temperatures. Legend: Y=predicted G*/sin δ (kPa), X 1 =LMS (%), X 2 =CRM size given by mesh, X 3 = CRM content (%.). 
Conclusions
This limited study investigated laboratory evaluation of rubber-modified binder using DSR and GPC. While improving high-temperature grade of binders by increasing stiffness using rubber is not a new idea, however, it is not well known
